Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), invented in the late 1980s (1, 2 ) , serves as a technique for analyzing peptides and proteins in relatively complex samples. It has even been used for the direct analysis of tissue specimens (3 ) . The importance of MALDI-TOF MS has been recognized by a share of the 2002 Nobel Prize in Chemistry to K. Tanaka for its invention.
In MALDI-TOF MS, a small amount, typically ϳ1 L, of specimen containing peptides and protein is dried on a target plate together with a light-absorbing matrix molecule (1, 2 ) . Vaporizing of the mixture of protein and matrix from surface deposits by nanosecond-duration laser pulses releases ionized protein molecules, often with a single charge (z ϭ1), which are accelerated in an electric field within a vacuum. Ions with low mass/charge ratios (m/z) are accelerated to higher velocities and reach the detector before ions with a high m/z, according to the relationship: time ϭ k(m/z) 0.5 , where k is a constant determined by calibration with protein standards. Analyses are independent of factors other than mass because separations occur in a vacuum. Ions reach the detector over a timespan of ϳ0.01-1 ms; the millisecond timescale to analyze ions produced by a single laser pulse allows acquisition of data from multiple laser pulses for each specimen and provides short analysis time per specimen. Therefore, the technique lends itself to high-throughput analysis.
Two technical advancements improved resolution of MALDI-TOF MS to its current state. First, use of an electronic mirror, or reflectron, to reflect ions substantially increases resolution. A drawback for some analyses is decreased transmission of ions to the detector; therefore, some analyses continue to be performed in a linear ion mode. Second, delayed extraction introduces a delay after the time of sample vaporization before the electric poten-tial is applied (4 ) . Shorter delay times are optimal for small molecules, and longer delay times for large molecules. Although delayed extraction improves resolution, selection of a delay time optimizes analysis for a specific range of m/z. Recent application of orthogonal TOF ion optics may help broaden the optimal range of analysis (5 ) . Advances in MALDI-TOF MS allow high-performance instruments to measure the masses of peptides with a relative molecular mass (M r ) of 1000 -3000 with an accuracy approaching 10 parts per million. For a peptide of M r 2000 and a charge of 1, that corresponds to measuring the mass within 0.02 mass units of the true value. As m/z increases, resolution and mass accuracy progressively decrease. In the low m/z range, Ͻ1000, there is higher background from ionized matrix molecules. Therefore, MALDI-TOF MS provides optimal performance for m/z from ϳ1000 to 5000, although it has no absolute upper analytical limit for m/z (6 ) . High-resolution MALDI-TOF MS can determine the monoisotopic masses of peptides with M r less than ϳ5000. This is the mass of the peptide composed entirely of 1 H, 12 C, and 14 N atoms. Analyses of larger peptides or with low resolution determine the average masses of peptides, which include the contributions of ϳ1.1% of carbon atoms as 13 C and 0.37% of nitrogen atoms as 15 N. Average masses of peptides and proteins are ϳ0.06% higher than monoisotopic masses. Proteins contain populations of molecules with varying numbers of different isotopic forms of atoms, contributing to broadening of peaks as protein mass increases.
The standard detector for MALDI-TOF mass spectrometers is a microchannel plate, which acts as an electron multiplier for ions reaching the detector. Detector responses relate to the number of ions reaching the detector and ion velocities. Fast ions, with low m/z, produce stronger detector responses than slow ions; therefore, MALDI-TOF MS usually provides more sensitive detection of small molecules. Experiments with a superconducting detector, which detects each ion regardless of the ion velocity (6 ) , demonstrated that the manyfold lower detection sensitivity of most MALDI-TOF mass spectrometers for large proteins is primarily a function of lower detector sensitivity rather than lower ionization efficiency. Broadening of peaks for larger polypeptides and proteins also contributes to lower sensitivity of detection.
Detection characteristics of MALDI-TOF MS and its variant surface-enhanced laser desorption/ionization (SELDI)-TOF MS lead to a strong bias for detection of small peptides and proteins relative to large proteins. As outlined in Table 1 , these detection characteristics differ fundamentally from other widely applied analytical techniques. Most electrophoretic and chromatographic techniques preferentially detect large molecules because absorbance response or the intensity of staining per molar equivalent of protein generally increases in proportion to size. Immunoassay techniques generally yield signals directly related to molar concentration, leading to little bias between measurement of large and small molecules.
MALDI-TOF MS thus serves as a complementary technique that provides the most sensitive detection of lowmolecular-mass proteins, whereas other traditional methods of analysis have increased or equivalent sensitivity for detecting large proteins. This characteristic helps explain why MALDI-TOF MS has provided new insights into small peptide and protein components.
Analysis of Proteins and Peptides by MALDI-TOF MS
MALDI-TOF MS offers rapid determination of molecular masses and the heterogeneity of small amounts of peptides and proteins (7) (8) (9) (10) (11) . Usually, intact molecular ions are formed, allowing accurate determination of polypeptide mass. However, some technique-dependent variation in measured mass can occur related to variable loss of labile groups, such as sialic acids or sulfate groups, or association of salts or matrix with protein molecular ions (8 -13 ) . Noncovalently bound subunits of proteins generally dissociate into individual polypeptide chains, whereas peptide chains connected by covalent bonds such as disulfides remain attached. Analyses, therefore, are analogous to electrophoresis under denaturing conditions without reduction of disulfide bonds.
During desorption/ionization of proteins in specimens by laser pulses, both positive and negative molecular ions are formed, usually with singly charged ions predominating (8 ) 2ϩ can form (7) (8) (9) (10) (11) . The occurrence of multiple ionic forms complicates the overall pattern and depends on variables of sample composition, sample preparation, and type of matrix used.
The limits of detection for MALDI-TOF MS depend on many variables that may change detection sensitivity by orders of magnitude, so that any general statements about limits of detection must be considered as rough approxi- (14 ) . Ionization of peptides is enhanced by chemical conversion of amines to guanidinium groups (15 ) , reflecting the effects of peptide structure on ionization efficiency. Usually, larger peptides and proteins are detected with lower sensitivity, as noted previously. Analysis of large proteins may require concentrations in a specimen of Ͼ1 mol/L. This is particularly true for complex mixtures of proteins such as plasma. There is competition among different proteins and salts in a specimen for ionization, a general phenomenon in MS termed ion suppression, which lowers the yield of specific ions and reduces the sensitivity of detection (16, 17 ) . Therefore, as will be discussed in later sections, most plasma proteins detected by MALDI-TOF MS have concentrations Ͼ1 mol/L unless there is extensive sample fractionation. The major challenge for many analyses of physiologic fluids is to identify optimal procedures for sample preparation that remove salts and enrich for the protein or peptide of interest. Common approaches for sample preparation include solid-phase extractions, dilution, chromatography, fractionation directly on specialized target surfaces in SELDI-TOF MS, or capture on magnetic particles (18 -26 ) . Capture of proteins by antibodies serves as a rapid and specific method to select and concentrate specific components (27) (28) (29) (30) . In SELDI-TOF MS, retentate chromatography is performed directly on the surface of the target plate. The target surface (chip) is modified to contain ion-exchange, hydrophobic, normal-phase, or metal chelate functional groups, and proteins are selectively captured on the surface depending on the protein properties and selection of binding and wash buffers. Because the target surface has a small surface area and binding capacity, only a small proportion of proteins in an applied plasma specimen is bound. Consequently, in SELDI-TOF MS, competition among many plasma components for low-capacity binding sites influences the spectrum of proteins and peptides detected (22) (23) (24) . Use of chromatographic columns or magnetic particles with higher surface areas and capacities provides fractionation with less influence from competition for binding sites.
Ionization efficiency and detection sensitivity for different peptides and proteins vary with different matrix molecules. Detection of small peptides generally is favored by use of ␣-cyano-4-hydroxycinnamic acid as matrix, small and medium-sized proteins by sinapinic acid, and heavily glycosylated and large proteins by 2,5-dihydroxybenzoic acid or ferulic acid (7) (8) (9) (10) .
Abundance Ranking of Plasma and Serum Proteins
The number of proteins identified in plasma has expanded over the past few years into the thousands (31) (32) (33) (34) . Recent efforts by multiple laboratories for the Plasma Proteome Project have led to the tentative identification of 9504 proteins in plasma by detection of at least 1 tryptic peptide component of the protein (34 ) . Confirmed identifications with 2 or more peptides were obtained for 3020 proteins. This set of 3020 was considered to have confirmed identification and serves as the Core Protein Dataset for the Human Proteome Organization (HUPO) Plasma Proteome Project (34 ) . Although there are thousands of different proteins in plasma, the abundances of individual proteins differ by many orders of magnitude, with 20 abundant proteins constituting Ͼ98% of the total mass of protein (32) (33) (34) . The ranking of proteins generally has been considered on the basis of mass abundance using units such as grams per liter. However, for MALDI-TOF MS, a particle-counting method, the relevant concentration is molar abundance, with units such as micromoles per liter. Ranking of the top 30 proteins in the plasma of healthy person by molar rather than mass abundance (Table 2) substantially changes the perspective on relative abundance of many plasma proteins, particularly the small proteins. In this ranking, note also that concentration is expressed as the concentration of noncovalently bound subunits, so that a tetrameric protein such as transthyretin has a 4-fold higher concentration. Some of the components in Table 2 , such as apolipoproteins C-I, C-II, and C-III, are relatively minor plasma components according to mass abundance. Seven of the 30 most abundant plasma components in normal plasma specimens are proteins yielding singly charged ions with m/z Ͻ30 000 in MALDI-TOF MS: apolipoproteins A-I, A-II, C-I, C-II, and C-III; transthyretin; and retinol-binding protein.
Proteins with M r Ͻ30 000 are cleared within hours by renal filtration (35, 36 ) . Therefore, to avoid rapid clearance by the kidney, these plasma components either have multiple subunits, such as transthyretin (also known as prealbumin), which is composed of 4 identical subunits, or are bound to larger carriers, such as apolipoproteins bound to lipoprotein particles or retinol-binding protein associated with transthyretin. A few high-molecularmass proteins that are relatively major components based on mass abundance, such as IgM and apolipoprotein B, did not quite rank in the top 30 by molar abundance. The rankings in Table 2 should be considered approximations, however, because proteins concentrations can vary in different populations and because well-established reference materials are available only for some of the listed proteins (37 ) . For all of the proteins in Table 2 , 1 L of plasma contains sufficient protein (Ͼ1 pmol) to allow potential detection by MALDI-TOF MS, if the protein can be ionized efficiently. Proteins with high mass or high proportions of carbohydrate generally are most challenging to detect by MALDI-TOF MS (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Several additional peptides and proteins become major components depending on how specimens are processed or on physiologic or pathologic processes ( components such as fibrinogen are depleted, and activation peptides and platelet proteins are released (38 -42 ) . On a molar basis, the most significant changes are increases of fibrinopeptides A and B and removal of most of the fibrinogen. Each fibrinogen molecule releases up to 2 fibrinopeptide A and B molecules (38, 39 ) , giving molar concentrations of fibrinopeptides among the most abundant serum components. Fibrinopeptide A is released faster than fibrinopeptide B, and the fibrinopeptides are trimmed by exopeptidases; hence, the amounts and molecular forms of these short peptides depend on the extent and duration of clotting of an individual specimen (38 -40 ) . Because fibrinogen is an acute-phase reactant, increasing more than 2-fold during inflammation (43, 44 ) , fibrinopeptides can increase correspondingly. Other fragments of fibrinogen also can accumulate in serum or plasma depending on physiologic and specimen-processing variables, but limited information is available about the concentrations of most fragments (45 ) . In response to inflammation, 2 proteins, C-reactive protein and serum amyloid A, increase in concentration more than 100-fold (43, 44, 46, 47 ) . C-reactive protein is a pentameric protein with noncovalently bound subunits of M r ϳ23 000, and serum amyloid A is an HDL-associated protein, with multiple forms of M r ϳ11 000. In response to inflammation or cytokine therapies, these proteins are observed as major peaks by SELDI-TOF MS (30 ) . Reported concentrations of serum amyloid A in severe inflammation (46, 47 ) rank second only to albumin on a molar basis. Multiple molecular forms of serum amyloid A, related to trimming of the peptide chain by exopeptidase, have been noted by MALDI-or SELDI-TOF MS (30, 46 -50 ) .
Inflammatory responses also produce changes in other proteins. Concentrations of ␣ 1 -proteinase inhibitor, ␣ 1 -acid glycoprotein, ␣ 1 -antichymotrypsin, fibrinogen, and haptoglobin increase more than 2-fold, whereas other components, such as albumin, transferrin, transthyretin, and apolipoproteins, decrease (30, 43, 44 ) . The concentrations of some cytokines increase dramatically in response to inflammation, but cytokines have such low concentrations that these proteins are difficult to detect by SELDI-TOF MS (30 ) .
In renal failure, small proteins that usually are cleared by renal filtration accumulate. One prominent example is ␤ 2 -microglobulin, a small protein of M r 11 729 that builds up in plasma during renal failure (51) (52) (53) . Proteolytically modified forms of ␤ 2 -microglobulin are observed as the half-life of the protein is extended in patients with renal failure (54, 55 ) . Other small proteins that are cleared substantially by renal filtration accumulate during renal failure to concentrations severalfold above normal; examples of such proteins are cystatin C, complement factor D, free and immunoglobulin light chains, and retinolbinding protein (53 ) . Peptide fragments of fibrinogen also accumulate (56 ) .
During standard procedures for collection and process- 
MALDI-TOF MS Profiles of Unfractionated Serum
Unfractionated serum has been analyzed by MALDI-TOF MS [Ref. (19 ) , and Hortin and Remaley, submitted for publication]. The observed profiles of peaks for unfractionated serum specimens are largely in agreement with the molar abundances of plasma proteins. The profiles are dominated by the most abundant components. Major peaks are observed corresponding to IgG, albumin dimer, transferrin, albumin, doubly charged albumin, apolipoprotein A-I, transthyretin, apolipoprotein C-III, apolipoprotein C-II, and apolipoprotein C-I. Serum or plasma must be diluted for this analysis to provide an adequate ratio of matrix to protein. Analysis of serum or plasma by SELDI-TOF MS offers some fractionation of components before MS, but unless immunocapture is applied, the efficiency of fractionation generally is modest, so that the major serum or plasma components predominate (30 ) .
Mass Assignments of Plasma Components
There is a problem in assigning the masses of many plasma proteins from protein sequence databases because the databases often provide calculated masses for precursor forms of the proteins and do not correct for posttranslational modifications. Glycoproteins represent a challenge in mass assignment in that there may be heterogeneity in the numbers and structures of oligosaccharides structures; structures also may vary in different physiologic or pathologic states. In MALDI-TOF MS, there also can be variable and method-dependent loss of sialic acids or other labile groups (7) (8) (9) (10) (11) (12) (13) . The accuracy of mass assignments by MALDI-TOF MS, therefore, generally is greater for proteins with little or no carbohydrate.
Mass estimates of proteins with many sialic acids, such as ␣ 1 -acid glycoprotein, by MALDI-TOF MS may be lower than values calculated from detailed knowledge of the peptide and oligosaccharide structures and may depend on method of analysis. Therefore, glycoprotein masses in MALDI-TOF or SELDI-TOF MS analysis should be determined for the specific method of analysis.
The masses of nonglycosylated plasma proteins can be predicted accurately from knowledge of the primary amino acid sequence and posttranslational processing, including formation of disulfides. Heterogeneity is observed for many components because of exopeptidase action on the peptide chain, sequence variations, and variable modifications of free sulfhydryl groups of unpaired cysteines (19, 20, 28, (65) (66) (67) . In polypeptides with unpaired cysteine residues, such as subunits of transthyretin, apolipoprotein A-II, ␣ 1 -proteinase inhibitor, and albumin, disulfides may form with a variety of compounds, such as cysteine, cysteinylglycine, glutathione, or other polypeptides (dimerization of apolipoprotein A-II), or the sulfhydryl may undergo oxidation (19, 20, 28, (65) (66) (67) . Proteins with unpaired cysteines also may link via disulfides to other proteins, as in the case of ␣ 1 -microglobulin, such that a mixture of different covalently bound forms of the protein is observed (68 ) . Therefore, identification of unpaired cysteine residues is of major importance in establishing the masses and structural variations of proteins.
Single-base variations in the genes encoding proteins introduce variable mass changes, depending on the resulting amino acid substitution. Substitutions of leucine for isoleucine do not change protein mass, and substitutions of glutamine for lysine or the reverse substitutions change protein mass by only ϳ0.04 mass units, so that they generally would not be detected by MALDI-TOF MS. Approximately 90% of possible amino acid substitutions from single-base variations will lead to mass changes greater than 8 mass units (69 ) . Detection of gene-encoded variations or posttranslational modifications by MALDI-TOF MS depends on the magnitude of the mass change, the mass of the peptide or protein of interest, and the resolution that can be achieved. The frequency of mass variation for 25 different proteins analyzed by MALDI-TOF MS recently has been described (28 ) . Specimens from 96 individuals were analyzed. Most of the reported variation was related to variation in posttranslational processing. Variants were noted for 4 proteins: transthyretin, apolipoprotein E, cystatin C, and serum amyloid A.
The Low-Molecular-Mass Proteome or Peptidome
Ultrafiltrates of plasma have been recognized for several years to contain complex mixtures of thousands of peptides (70 ) that are smaller than apolipoprotein C-I, the smallest major plasma protein. However, these peptides have very low concentrations and were characterized through the analysis of thousands of liters of plasma ultrafiltrate. Application of SELDI-TOF MS to analysis of serum or plasma detected low-molecular-mass components from specimens of a few microliters (71, 72 ) , and great interest in this technique was stimulated by the potential for patterns of small peptides to serve as diagnostic markers (5, (22) (23) (24) (25) (26) (71) (72) (73) (74) (75) (76) . Most studies applying MALDI-TOF or SELDI-TOF MS to analyze small amounts of serum or plasma have resolved 100 to 1000 peaks in the m/z range Ͻ20 000. A comparison of different analytical platforms showed that the number of peaks that can be resolved depends on the resolution of the mass spectrometer and the degree of specimen fractionation (76 ) .
Apparently, concentrations of peptides bound to carrier molecules are much larger than concentrations of free peptides originally analyzed in plasma ultrafiltrates (70 ) . The complete set of small peptides has been termed the peptidome, or the fragmentome because it has been recognized that most small peptide components of plasma are derived from proteolytic degradation of larger proteins. Peptide fragments of many major plasma proteins, such as fibrinogen, apolipoproteins, transthyretin, and complement factors, have been detected (70, (73) (74) (75) (76) (77) (78) (79) . Families of overlapping peptides have been observed in many studies, suggesting the release of peptides from larger parent proteins by endoproteolytic cleavage followed by variable trimming of released peptides by aminopeptidases and carboxypeptidases (70, 74 -79 ) . Polypeptides smaller than M r ϳ7000 are not detected by the usual techniques of 2-dimensional electrophoresis because they are below the limits of size resolution, and small components may not be fixed in gels and produce lower staining intensity per mole of polypeptide. Consequently, MALDI-TOF MS has served as a path-breaking tool to open up peptidomic analysis in the mass range from M r ϳ1000 to 7000. This mass range might be considered as an approximate, operationally defined mass range (within optimal detection by MALDI-TOF MS but below usual detection by 2-dimensional gel electrophoresis) for the peptidome; there is no current consensus on what constitutes mass limits for the peptidome or a size cutoff that distinguishes peptides from proteins.
Because peptide fragments, such as the fibrinopeptides, are released in large amounts and an entire cascade of proteases is activated during the clotting of plasma to form serum, the suitability of serum for analysis of peptide profiles has been questioned (79 -83 ) . Recently, a counterargument has been raised that pathophysiologic changes might be reflected in patterns of fragments released during clotting, so that serum may contain greater diagnostic information (74, 75 ) . However, it is hard to envision how the conditions for clot activation and processing of blood specimens can be standardized sufficiently to control the method-dependent variation in the generation of peptides in serum. Evaluations of specimenhandling variables have identified several factors that should be considered for proteomics studies, including the potential value of addition of protease inhibitors to specimens and potential interferences from additives to blood collection tubes (34, 40, 79 -85 ) . One study notably found that MS profiles had a better ability to distinguish sample sources than disease vs control populations, and possible influences of specimen collection variables have called into question the validity of some early reports on the use of mass spectrometric profiles for cancer diagnosis (83 ) . At this point, it is clear that control of preanalytical variables is a critical element in the design of studies analyzing the peptide components of serum or plasma.
There is limited quantitative information about the complex mixture of bound peptides in plasma, but albumin has a potential capacity to bind more than 500 mol/L, if it binds 1 peptide per molecule. To date, albumin-bound peptides have been the major set examined (5, (73) (74) (75) . Analysis of the detection limits for a peptide in serum specimens suggests that peptides can be detected down to ϳ20 nmol/L by use of limited fractionation on SELDI-TOF MS (86 ) . A reported analysis of a complex mixture of peptides bound to HDLs estimated that recovered small peptides had an aggregate molar concentration one fifth that of apolipoprotein A-I (77 ), so that lipoproteins may be another significant carrier of small peptides, just as they are carriers of several small plasma proteins. Detection of small peptide components in plasma specimens has not been achieved in unfractionated plasma (20 ) or lipoproteins (77 ) , indicating that, without some fractionation of plasma, detection of peptides is suppressed by the more abundant larger proteins. Strategies to increase the sensitivity of MALDI-TOF MS to detect small peptides have relied on more extensive sample fractionation. Sequential removal of protein components by ultrafiltration of milliliter-volume specimens and separation by HPLC into 96 fractions provided detection of peptides such as insulin and C-peptide, whose concentrations are well below nanomolar in plasma specimens (87 ) . This approach resolved an estimated 1500 -3000 peptides in the combined analysis of the 96 fractions (85 ). Another alternative, immunocapture, concentrates and purifies low-abundance components that would otherwise be difficult to detect (27-30, 66, 67, 88 ) . Many efforts at sequence characterization of small peptide components have relied on HPLC-electrospray MS rather that MALDI-TOF MS because of the superior sensitivity and high-throughput sequencing provided by HPLC-electrospray MS (70, 73, 74, 77 ) , which has been widely applied for analysis of tryptic peptides for bottom-up proteomics (33, 34 ) .
Circulating Half-Lives of Proteins and Peptides
The circulating half-lives of proteins and peptides are important factors in the steady-state concentrations of these components in blood. As evident from several examples listed in Table 4 , the half-lives of individual proteins and peptides vary from days to a few minutes, and protein binding to carriers is a general mechanism for extending the circulating half-lives of plasma proteins. Most larger proteins have half-lives of several days.
Clinical Chemistry
Proteins circulating as a molecule or complexes with M r Ͻ30 000 are cleared by filtration in the kidneys (35, 36 ) , giving half-lives of a few hours for proteins such as ␤ 2 -microglobulin and immunoglobulin light chains. The half-lives of other proteins of similar mass, such as apolipoproteins A-I and A-II and retinol-binding protein, are extended severalfold by binding to larger carriers. Notably however, the half-life of retinol-binding protein is significantly shorter than that of its carrier protein, indicating that some is lost through exchange off of its carrier. Many small peptides, as exemplified by parathyroid hormone (89 ) , have half-lives of only a few minutes because of proteolytic degradation or other clearance mechanisms besides glomerular filtration, which would require hours. Fibrinopeptide B has a half-life of only a few minutes in a test tube when clotting is activated (38 ) . Pharmacologically, linking small peptides or proteins to carriers such as polyethylene glycol or adding tags that bind to albumin are recognized as strategies to greatly extend the circulating half-life (90, 91 ) . The concentrations of small peptide fragments of proteins on carrier molecules ultimately depend on several factors, including the rate of formation, the half-life of the carrier molecule, and the affinity for the carrier molecule.
Identification of Potential Biomarkers
Initial reports of the discovery of potential serum or plasma biomarkers by MALDI-TOF or SELDI-TOF MS relied on analysis of profiles of peaks without identifying which molecules corresponded to specific peaks (22, 23, 71, 72 ) . With progress in approaches to identifying peptide sequences, an increasing number of studies have identified the protein corresponding to peaks that are potential biomarkers. Table 5 summarizes proteins identified in 24 different studies, including 18 that analyzed serum as a specimen and 6 that analyzed plasma. In 20 of these reports, the only markers identified were derived from abundant plasma proteins listed in Tables 2  or 3 . Of the 4 reports identifying lower abundance components, 1 identified 2 small platelet proteins that are released during clotting to form serum to yield a serum concentration of ϳ0.1-1 mol/L (92 ). The report by Villanueva et al. (74 ) identified more than 60 peptides serving as potential cancer biomarkers. Most of the peptides were derived from abundant proteins such as fibrinogen; C3; inter-␣-trypsin inhibitor; apolipoproteins A-I, A-IV, and E; and transthyretin listed in Table 2 . Only a few peptides were derived from less abundant proteins such as C4, clusterin (also known as apolipoprotein J), high-molecular-mass kininogen, and coagulation factor XIII. Of these, factor XIII subunits, with a plasma abundance of ϳ0.1 mol/L, represent the lowest abundance component (31 ) . A study of peptide changes during penile erection also noted increased amounts of an activation peptide from coagulation factor XIII (93 ) . The only report noting peptides that were not derived from relatively abundant large plasma proteins identified changes in insulin and C-peptide expression; both of these peptides had concentrations of ϳ0.1-1 nmol/L (87 ).
The results summarized in Table 5 show that most studies to date have analyzed forms of only ϳ50 of the most abundant proteins in plasma. In addition, every protein and peptide identified in the studies above, except for hemoglobin subunits, was a secretory protein. Therefore, all of the proteins other than hemoglobin would be subjected to processing along the secretory pathway. Most protein sequence databases would yield incorrect calculated masses for the intact proteins because of failure to account for protein processing, although calculations of the masses for small peptide fragments may be correct depending on the occurrence of posttranslational modifications within the peptide fragment. The shortcomings of existing protein databases underscore the need to develop databases of actual measured masses for components of interest.
Considering that most studies of serum and plasma proteins and peptides by MALDI-TOF MS have analyzed forms of only ϳ50 of the most abundant proteins from among the several thousand that have been detected in plasma (32) (33) (34) , there remain great unexplored opportu- nities for probing the proteome and peptidome. Efforts to probe more deeply into the plasma proteome and peptidome, to detect lower abundance components by MALDI-TOF MS, are likely to rely on increased sample fractionation of specimens by chromatographic or immunocapture techniques as well as advances in instrumentation (5, 27-30, 69, 73, 74, 85, 87, 88 ) . Immunodepletion of several of the most abundant plasma protein components has assisted with the proteomic analysis of lower abundance components in many studies (33, 34 ) . However, in the analysis of the peptidome, capture of highabundance proteins may serve a different role-identification of which major proteins serve as carriers of specific peptides and for fractionation and enrichment of peptides from the complex mixture of plasma components.
Controversies Relating to Reproducibility and Informatics
MALDI-TOF MS analyzes a layer of dry crystals composed of matrix and specimen on a target surface. The inhomogeneous specimen on the target surface, the many variables in sample preparation, and selective sampling by vaporization of small portions of the specimen with laser pulses present challenges in obtaining high reproducibility and attaining standards of practice appropriate for clinical laboratory tests (94 -96 ) . Addressing the many controversial issues relating to MALDI-TOF, such as informatics, marker discovery, quantitative analysis, and reproducibility, are beyond the scope of this review, and the reader is referred to other recent reports (23, 74 -76, 94 -101 ) .
Conclusions
The bias of MALDI-TOF MS for detection of low-molecular-mass peptides and proteins has helped to open a new realm of plasma components, comprising the fragmentome or peptidome, that were largely overlooked by traditional techniques. Studies of peptide fragments should advance basic understanding of pathways for protein degradation and clearance. The high complexity of protein fragments in plasma and their interactions with carrier proteins potentially offer large amounts of information of pathophysiologic significance that may be applied for diagnostic purposes. Future efforts at quantitative analysis of proteins and peptides by MS should consider molar concentrations, as this is the relevant quantity for particle-counting methods and allows clearer expression of the relative concentrations of components that differ greatly in molecular size. Expression of the concentrations of small peptide fragments in molarity also allows better comparison of the quantitative relationship between the peptides, their parent proteins, and their carrier molecules. Development of expanded databases about the molar concentrations and measured masses of the most abundant proteins and peptides in the circulation would expedite future discovery efforts.
In analyzing complex mixtures by MALDI-TOF MS, components of highest molar abundance generally dominate the spectrum and tend to suppress detection of lower abundance proteins. Studies using MALDI-and SELDI-TOF MS to identify potential biomarkers for disease or physiologic processes to date have primarily identified qualitative or quantitative changes in a few abundant plasma proteins. As expressed by Diamandis et al. (100, 101 ) and Koomen et al. (79 ) , this raises questions about the ability of current approaches for protein profiling by MALDI-TOF MS to detect any low-abundance cancer markers analogous to prostate-specific antigen or carcinoembryonic antigen. Changes of major plasma components related to cancer that have been detected to date may reflect relatively nonspecific systemic responses to cancer (100, 101 ) . Application of improved fractionation techniques before MALDI-TOF MS may be necessary before this approach can probe low-abundance components that are likely to serve as more specific markers of cancer.
Considering that MALDI-TOF and SELDI-TOF MS assess primarily the most abundant small plasma proteins and peptides, logically these techniques are likely to be of greatest value as indicators of systemic processes such as atherosclerosis, nutrition, stroke, major organ injury, hemostatic disorders, acute-phase responses, and kidney dysfunction rather than small, localized disease processes such as early-stage cancer. Useful applications of MALDI-TOF MS to study systemic disorders will not necessarily require the analysis of low-abundance plasma protein components. The ability to identify qualitative and quantitative changes and degradation pathways of multiple abundant plasma proteins is likely to be of great diagnostic value for many systemic physiologic and pathologic processes.
